The evolutionary origin of genetic diversity in the SLAM/CD2 gene cluster, implicated in autoimmune lupus susceptibility in mice, was investigated by sequence analysis of exons from six members of the cluster in 48 wild mouse samples derived from the global mouse population. A total of 80 coding region SNPs were identified among the six genes analyzed, indicating that this gene cluster is highly polymorphic in natural mouse populations. Phylogenetic analyses of these allelic sequences revealed clustering of alleles derived from multiple Mus species and subspecies, indicating alleles at several SLAM/CD2 loci were present in ancestral Mus populations prior to speciation and have persisted as polymorphisms for more than 1 million years. Analyses of nonsynonymous/synonymous ratios using likelihood codon substitution models identified several segments in Cd229, Cd48 and Cd84 that were impacted by positive diversifying selective pressures. These findings support the interpretation that selection favoring the generation and retention of functional polymorphisms has played a role in the evolutionary origin of genetic polymorphisms that are predisposing to autoimmunity.
Introduction
Many of the genes that regulate the immune system are extremely polymorphic, as exemplified by the genetic diversity of class I and class II genes of the major histocompatibility complex (MHC). MHC alleles differ by an excess of nonsynonymous variations, which tend to cluster in gene segments that encode peptide-binding sites. [1] [2] [3] [4] Allelic lineages of MHC class I and class II genes also have extremely long coalescence times, often persisting in natural populations over time spans that encompass multiple speciation events. [5] [6] [7] Although the diversity found at MHC loci remains unparalleled in the mammalian genome, several other immunoregulatory gene complexes also exhibit significant levels of diversity 8, 9 suggesting that selection may favor the development and retention of functional polymorphisms in immunoregulatory genes.
Variations in immunoregulation can also have deleterious effects by potentially increasing susceptibility to autoimmunity and/or autoaggressive immune responses. This is best illustrated by the strong association of MHC class II alleles with susceptibility to diabetes, rheumatoid arthritis and systemic lupus erythematosus (SLE). [10] [11] [12] Although genetic predisposition to these autoimmune diseases is multifactorial, involving interactions between multiple genes and environmental factors, 13, 14 MHC polymorphisms often dominate the genetics of susceptibility. Intriguingly, many of the MHC class I and class II allelic lineages that are associated with susceptibility have been determined to have ancient evolutionary origins. 15, 16 The SLAM/CD2 gene cluster, another immunoregulatory family, contains seven adhesion/costimulatory molecules that influence a wide variety of immune system functions. 17, 18 We recently identified extensive polymorphisms throughout the SLAM/CD2 gene cluster, which distinguish two stable SLAM/CD2 haplotypes in laboratory mouse strains. Interestingly, while autoimmunity was associated with the more common of these haplotypes, disease only occurred when this version of the SLAM/CD2 cluster was expressed in the context of the C57BL/6 (B6) genome. 9 This autoimmuneprone SLAM/CD2 haplotype is contained within the potent SLE susceptibility locus, Sle1b, and is responsible for the production of antinuclear antibodies (ANAs) in B6.Sle1b congenic mice. 9, 19 More recently, we have demonstrated that polymorphisms of this gene cluster impair the induction of immunologic tolerance in the immature B cell compartment. 20 Here we describe the evolutionary origins of the genetic diversity of the SLAM/CD2 gene cluster. Our findings indicate that the family is highly polymorphic in natural mouse populations and that diversifying selection has favored the generation of variability within the functional domains of specific family members. In addition, phylogenetic analyses revealed clustering of alleles derived from multiple Mus species and subspecies, indicating alleles at several SLAM/CD2 loci were present in ancestral Mus populations. These results support the interpretation that diversifying selection has favored the retention of functional polymorphisms in this gene cluster.
Results
The SLAM/CD2 gene cluster is highly diversified and forms haplotypes in wild mouse populations Diversity of the SLAM/CD2 gene cluster was assessed by sequencing exons 2 and 3, which encode the extracellular ligand-binding Ig domains, from Cd229, Cs1, Cd48, Cd150, Cd84 and Ly108. We first assessed the stability of the two haplotypes identified among standard laboratory mice by sequencing these alleles in 15 wild mouse-derived inbred strains with defined Mus musculus origins. As shown in Figure 1 , two of the four molossinus strains share haplotype 1 (characteristic of B6), while five of the seven musculus strains contain the autoimmune-associated haplotype 2 (characteristic of NZM2410) (Figure 1 ; mouse strains listed in Supplementary Table 1 ). The remaining wild-derived strains share some SNPs with each, forming three additional recombinant versions of the cluster. This analysis revealed only five additional coding region SNPs to those identified in our earlier analysis of 34 standard inbred strains, indicating that this Mus musculus collection contains little additional SLAM/CD2 diversity from that observed in laboratory strains. The exception was Mus pahari, which is a distantly related Mus species belonging to a different subgenus (Coelomys). These results indicate that the two SLAM/CD2 haplotypes found in standard laboratory strains are both present in natural mouse populations, along with several recombinant versions. Table 2) . A 1.1 kb segment spanning nearly the entire mitochondrial control region, the most polymorphic segment of the mitochondrial genome, 21 was sequenced to provide an estimate of neutral gene genealogies of this mouse panel. Analysis of the phylogenetic trees for these mitochondrial sequences revealed the predicted clustering by subspecies and species ( Figure 2) , with some overlap between subspecies that are known to be parapatric and interbreed in hybridization zones on the borders of their ranges. 22 This distribution follows the accepted pattern of phylogenetic relationships of these Mus species obtained with mtDNA 23 and is consistent with data obtained from hybridization studies on single copy nuclear DNA and analyses of nuclear genes sequence. 22, 24, 25 Having established this baseline, the sequences of exons 2 and 3 from members of the SLAM/CD2 gene cluster were analyzed. There are 80 SNPs within the exons encoding the Ig domains of six SLAM/CD2 genes in the wild mice, almost a threefold increase over the variation observed among wild-derived inbred and laboratory strains. The calculated relative recombination rate across these SNPs, defined as the number of 
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N Limaye et al crossovers per nucleotide per generation, was found to be fairly uniform across the entire SLAM/CD2 region, with r ¼ 0.0008, which is about twice the average of human autosomal genes (Supplementary Figure 1) . This result indicates that no predominant SLAM/CD2 haplotypes were detectable in this sample of wildderived strains.
The SLAM/CD2 family Ig regions exhibit ancestral polymorphism In contrast with the results obtained when analyzing mitochondrial DNA, the phylogenetic trees generated from the SLAM/CD2 family genes exhibited extensive clustering between different Mus subspecies and species. This is illustrated with Cd229 . The occurrence of the autoimmune-associated allele in multiple subspecies suggests that it first arose in an ancestral mouse species and has persisted through several speciation events. Similar to Cd229, the Cd48 tree ( Figure 3b ) does not separate the major Mus species into distinct clades. The two alleles from the heterozygous Mus spicilegus strain (no. 32) are separated by three nodes, with 32B sharing a 'younger' node with the Mus musculus subspecies, Mus macedonius and Mus spretus (Bracket A). There are several instances where multiple Mus musculus subspecies cluster together on one branch; which is a more pronounced feature of Cd48 than Cd229. Overall, an impressive amount of ancestral polymorphism is observed in all of the trees generated from the SLAM/CD2 gene cluster ( Supplementary Figures 2  and 3 ). The level of ancestral polymorphism observed in each of these trees far exceeds that observed in the neutral genealogy provided by the mitochondrial control analysis region (Figure 2 ), indicating that SLAM/ CD2 polymorphisms that arose prior to evolutionary speciation have persisted in these members of the genus Mus, though we cannot exclude that introgression at secondary contacts or occasional interbreeding between sympatric species may have contributed to this evolutionary pattern.
The extended coalescence times for alleles in the SLAM/CD2 family suggest that balancing selection, possibly pathogen driven, has impacted the accumulation of diversity in the ligand-binding domains of these genes. Of particular interest is the fact that, in every tree, multiple subspecies cluster on the same branch as the autoimmune-associated alleles of this cluster. The persistence of these potentially deleterious alleles over evolutionary time spans may indicate that autoimmune diseases that predominantly impact older mice are not potent selective pressures in natural mouse populations, or that advantageous phenotypes mediated by these alleles may dominate over autoimmunity. We assessed the types of selection operating on SLAM/CD2 coding regions using maximum likelihood codon-substitution models as described in Methods. 26 This approach allows for heterogeneous selection pressure at different amino acid sites, and is therefore more sensitive to selection operating on a subset of codons. See Materials and methods for a description of these models and explanation of analysis.
Evolution of autoimmune alleles N Limaye et al these genes are subject to positive selective pressures. This analysis suggested that diversifying selective pressure might be operating on all of the other SLAM/ CD2 genes (o2 being 41 in each case); however, the number of codons involved may be too limited to reach significance. Protein-structure alignments of the CD229 and CD84 Ig-domains with those of human and rat CD2, for which the extracellular domain structure is known, are shown in Figure 4 , with the specific residues that are impacted by diversifying selection in each indicated. CD229 has eleven codons under selection, eight of which are within the IgV1 domain that aligns with the N-terminal IgV of rat-CD2. Of these, seven (including all four encoded by IgV1 region haplotype-SNPs) lie in b-strands known to be critical to ligand binding by the CD2 molecule and/or actually correspond to residues that have specifically been shown to participate in its ligand binding. 27, 28 The C b-strand, which contains two such selected codons, is important in homophilic ligand binding of human CD229.
29 CD84 has eight IgV-region and four IgC-region codons under selection. Codons 27 (a haplotype distinguishing SNP) and 28 lie immediately proximal to the A b-sheet. Two other selected codons lie between b-strands, just proximal to C and C 0 , both important in CD2 ligand binding, while codon 73 lies within the C 0 b-strand. These findings support the notion that diversifying selective mechanisms are favoring structural variations in SLAM/CD2 molecules in a manner that impacts their ligand-binding properties.
Ctla4 polymorphism linked to autoimmunity is common in multiple Mus species and subspecies The notion that selection was favoring the retention of alleles of the SLAM/CD2 gene family that are associated with predisposition to autoimmunity raised the issue of whether this was a feature of other immunoregulatory genes with allelic associations with autoimmunity. A silent SNP at position 77 in exon 2 of Ctla4 is associated with susceptibility to diabetes in the NOD murine model. 30 This SNP has been postulated to influence splicing of Ctla4, with the resistant B6 mice containing an 'A' at this position, while the susceptible NOD carries the 'G' allele. We sequenced exon 2 of Ctla4, along with 5 0 and 3 0 flanking intron sequences, in several laboratory strains and our entire panel of wild and wildderived inbred strains. As shown in Table 2 , the NODlike allele is found in NZW, NZB and BALB/cJ. This autoimmune allele is also found in three of fifteen wild-derived inbred strains and in 31 of the 33 samples from the extended mouse global panel. In contrast to the SLAM/CD2 Ig regions, d N /d S analysis shows that exon 2 of Ctla4 does not have any nonsynonymous mutations within exon 2, indicating this coding region is highly conserved in natural mouse populations. Thus, the autoimmune-associated SNP in Ctla4 exon 2 is the most Inbred lab strains, wild-derived inbred strains and wild-derived samples that share B6-like (Resistant, column 1) and NOD-like (Diabetessusceptible, column 2) alleles of the Ctla4 position 77 SNP are indicated. Strain names corresponding to numbers can be found in Supplementary Tables 1 and 2 .
Evolution of autoimmune alleles N Limaye et al common allele in natural mouse populations, again indicating that any deleterious selective pressures mediated by the autoimmune-prone nature of this allele must be either muted, or counterbalanced effectively by other phenotypes that this allele expresses in natural mouse populations.
Discussion
Our previous analyses of the SLAM/CD2 gene cluster defined two highly divergent haplotypes among standard laboratory strains. 9 Alleles of individual genes in the SLAM/CD2 cluster differed extensively between these two haplotypes, exhibiting nonsynonymous sequence changes in functional domains, a gene expansion/contraction of Cd224, changes in splice isoform utilization in multiple members, and significant variations in expression levels on B and CD4 T lymphocytes. 9 The present study delineates extensive additional genetic diversification of the SLAM/CD2 family in the global wild mouse population and demonstrates that the development of SLAM/CD2 family polymorphisms has been favored by diversifying selective pressures and that allelic lineages have persisted in natural populations over long evolutionary time spans. These findings suggest that selective pressures are favoring the diversification of the functional properties of the SLAM/ CD2 molecules among individuals in natural mouse populations.
Although the specific selective mechanisms responsible for the diversification of the SLAM/CD2 cluster are unknown, it is reasonable to predict that pathogen-driven selection may be at least partially responsible for these results. Studies in multiple mammalian species have defined connections between the SLAM/CD2 family and infectious disease: In humans and other mammals, members of the morbillivirus family directly bind and use molecules belonging to the SLAM/CD2 family as receptors for infection. In particular, the measles virus, the canine distemper virus and rinderpest virus all bind Cd150. 31 Targeted deletions of Ly108 and Cd150 have each been shown to impact infection with Leishmania in mice, 32, 33 consistent with the notion that functional polymorphisms of these molecules may modulate susceptibility to infectious diseases.
The potential impact of polymorphisms in SLAM/ CD2 family molecules on the ability and/or avidity of homotypic or heterotypic binding of family members may be a key element in the selective pressures that favor their diversification in natural mouse populations. Such variations in binding could affect immune responses in a variety of contexts including pathogen resistance, perhaps through modulating the class of downstream signaling molecules that are recruited upon receptor engagement. 34, 35 Several investigations have associated changes in cytokine secretion with disruptions of genes in the SLAM/CD2 family. 32 In addition, SAP (SLAM-associated protein or SH2D1A), which acts directly downstream of this family, plays a role in Th2 regulation and cytokine production. 36, 37 Mutations in SAP have been linked to dysregulations in viral immunity, including X-linked lymphoproliferative syndrome, which is caused by an inappropriate response to Epstein-Barr Virus (EBV) infection. 31 Interestingly, EBV infection has also been implicated as an environmental trigger for SLE, 38, 39 making an intriguing connection between these genes, viral immunity and autoimmunity.
One of the most striking findings of the current study is that SLAM/CD2 family polymorphisms that are associated with autoimmune disease are highly prevalent in wild mice and are maintained by selective pressures. This may not be as surprising as it initially seems, for several reasons. First, although Sle1b is a potent locus, mediating ANA production and some degree of splenomegaly in B6.Sle1b congenic mice 9, 19 it only has an effect on mortality when it is combined with other susceptibility factors in the genome. 40 Thus, selection against these alleles may only occur in specific deleterious combinations of alleles at several loci, which should occur rarely in natural populations of mice. We would hypothesize that the potential deleterious effects of autoimmune disease associated with these alleles is more than counterbalanced in natural mouse populations by the value of diversification in immune responsiveness as an evolutionary adaptation to the extensive heterogeneity and rapid evolution of microbial pathogens. Also, because wild mice probably only develop autoimmunity late in life after they have reproduced, it is unlikely that the selection against autoimmune alleles is very strong.
The presence of ancestral polymorphisms, as evidenced by phylogenetic tree analyses on the extracellular Ig regions of the SLAM/CD2 gene cluster and Ctla4, indicate that some form of balancing selection is operating to maintain the presence of multiple alleles that potentiate autoimmunity. Balancing selection is generally thought to result from selective pressures that vary over time or space, which is consistent with pathogen-driven mechanisms. We postulate that these autoimmune susceptibility alleles modulate immune responsiveness in ways that are differentially advantageous, possibly in the context of infectious disease, with autoimmunity representing a by-product of the selected variations. Thus, selective mechanisms that favor the diversification of immune responsiveness, coupled with epistatic interactions among immunoregulatory genes, may be a root cause of genetic predisposition to autoimmunity.
Materials and methods
Mouse strains and genomic DNA DNA from the inbred laboratory strains and wildderived inbred strains was obtained from strains maintained under specific pathogen free (SPF) conditions in the Animal Resources Center at the University of Texas Southwestern Medical Center at Dallas or from Jackson Laboratory (Bar Harbor, ME, USA) as described previously. 9 A detailed list of the strains of mice used, their source, subspecies and geographical distribution are listed in Supplementary Tables 1 and 2 , along with the numbers assigned and used to refer to them throughout this study. Additional information regarding the wildderived strains held in the Montpellier genetic repository is available at http://www.univ-montp2.fr/~genetix/ souris.htm. Phylogenetic analysis of sequence data Phylogenetic trees were made with a Bayesian analysis using MrBayes version 3.03b. 41 We used default priors and ran the analysis for 2 million cycles, employing a HKY85 model of nucleotide substitution with gamma distributed rates among sites. We also used the neighbor-joining method, with a Tamura-Nei distance method and a gamma-rate parameter of 0.5. 
